Introduction
Elastomers are typically made up of cross-linked networks of long chains of polymers. [ 1 ] The elasticity arises from the ability of the chains to reconfi gure under an applied tension. The crosslinking sites between the long polymer chains ensure that the network returns to its original confi guration when the tension is removed. Therefore, the cross-linking bonds should be as strong as possible, otherwise they will be disassociated upon tension and a permanent deformation will be resulted. However, for an autonomous self-healing material, weak dynamic bonds should present as crosslinking sites so that they will break fi rst upon damaging and reform to heal. [ 2 ] Polymers crosslinked by weak dynamic bonds tend to be soft and viscoelastic. Therefore, it is a challenge to design materials A new self-healing polymer has been obtained by incorporating a cyclometalated platinum(II) complex Pt(C ∧ N ∧ N)Cl (C ∧ N ∧ N = 6-phenyl-2,2′-bipyridyl) into a polydimethylsiloxane (PDMS) backbone. The molecular interactions (a combination of Pt···Pt and π-π interactions) between cyclometalated platinum(II) complexes are strong enough to crosslink the linear PDMS polymer chains into an elastic fi lm. The as prepared polymer can be stretched to over 20 times of its original length. When damaged, the polymer can be healed at room temperature without any healants or external stimuli. Moreover, the self-healing is insensitive to surface aging. This work represents the fi rst example where the attractive metallophilic inter actions are utilized to design self-healing materials. Moreover, our results suggest that the stretchability and selfhealing properties can be obtained simultaneously without any confl ict by optimizing the strength of crosslinking interactions.
A Highly Stretchable and Autonomous Self-Healing Polymer Based on Combination of
Pt···Pt and π-π Interactions that simultaneously exhibit good elasticity and autonomous self-healing properties. [ 3 ] So far, various reversible bonds or dynamic interactions have been utilized for self-healing materials. The reversible covalent bonds (such as alkoxyamine [ 4 ] and disulfi de [ 5 ] ) or crosslinking reaction (such as Diels-Alder reaction, [ 6 ] radical dimerization reaction, [ 7 ] and cycloaddition reaction [ 8 ] ) can lead to repeatable healing. However, the healing of such materials always requires the input of external energy such as heating, light irradiation, or addition of catalyst, reducing or oxidizing species. Dynamic van der Waals′ forces (such as hydrogen bonding, [ 9 ] π-π stacking interactions, [ 10 ] and host-guest interactions [ 11 ] ) can ensure autonomous self-healing as these interactions are readily dissociated upon applying a strain and reassociate easily at room temperature. However, materials based on weak van der Waals' forces are doomed to be soft and poorly elastic.
Pt···Pt interaction is a typical attractive metallophilic interaction that exists among platinum(II) atoms. The presence of Pt···Pt interaction can result in signifi cant infl uences to the structures (both in solutions [ 12 ] and solid states [ 13 ] ) as well as photophysical properties [ 14 ] of platinum(II) complexes. According to theoretical calculations, the strength of pure Pt(II)···Pt(II) interaction is below 10 kcal mol −1 . [ 15 ] When strengthened by additional π-π stacking interactions, they can be as strong as 40 kcal mol −1 , [ 16 ] which are stronger than the separate Pt···Pt or π-π interactions, but are still far weaker than covalent bonds. Reversible association-disassociation process between platinum(II) complexes, with the equilibrium constants in the range of 50-500 M −1 , has been reported, demonstrating their dynamic nature. [ 17 ] We envisage that polymer crosslinked by such dynamic intermolecular interactions between platinum(II) complexes can show high elasticity and autonomous selfhealing properties simultaneously, due to the medium binding strength.
In this work, we incorporated a cyclometalated platinum(II) complex Pt(C ∧ N ∧ N)Cl (C ∧ N ∧ N = 6-phenyl-2,2′bipyridyl) into a polydimethylsiloxane (PDMS) matrix. The molecular interactions between cyclometalated platinum(II) complexes are strong enough to crosslink linear PDMS polymer into a fi lm with high mechanical strength. The as prepared polymer shows excellent stretchability as well as superb self-healing property at room temperature. In contrast to our previous work where a combination of coordination bonds with different strength was used to achieve high stretchability as well as autonomous self-healing, [ 3d ] here we show that the balance between the stretchability and self-healing properties can also be obtained by utilizing intermolecular interactions that are neither too strong nor too weak. To the best of our knowledge, this is the fi rst time that the attractive metallophilic interactions have been utilized to design self-healing materials.
Results and Discussion

Synthesis and Characterization
We fi rst studied the coordination structures and intermolecular interactions between cyclometalated platinum(II) complexes by characterizing a model ligand, 6-phenyl-N 4 ,N 4 ′ -dipropyl-[2,2′-bipyridine]-4,4′-dicarboxamide (L model , Scheme S1, Supporting Information), and its corresponding platinum(II) complex, PtL model Cl. The characterization data showed that Pt ions are coordinated to two N-atoms and one C-atom, as the 1 H NMR indicated the loss of one phenyl hydrogen after coordination reaction ( Figure S3a Figure S3c , Supporting Information). All these features indicate the presence of molecular association through Pt···Pt and/or π-π interactions at high concentration solutions, which will be dissociated upon heating. Similar association-dissociation properties have been frequently observed in the literatures, [ 12a , 14f , 19 ] manifesting the dynamic nature of molecular interactions between cyclometalated platinum(II) complexes.
The cyclometalated platinum(II) complex was then introduced into a linear poly(dimethylsiloxane) (PDMS) polymer backbone. The synthesis of the poly mer is described in detail in the Experimental Section (Scheme S2, Supporting Information). Briefl y, the C^N^N containing PDMS (PDMS-L) polymers were prepared by condensation reaction between bis(3-aminopropyl) terminated poly(dimethylsiloxane) (PDMS, M n = 5000) and 6-phenyl-[2,2′-bipyridine]-4,4′-dicarboxylic acid. The resulting polymers have a signifi cantly higher viscosity compared with the starting material and can form an elastic but fragile polymer fi lm. The IR spectra reveals that the intensity of the N  H bending vibration is dramatically reduced while the amide N  H stretching band appears at a lower wavenumber, with the C  O stretching vibration arising simultaneously ( Figure S4 , Supporting Information), indicating the formation of amide groups. Subsequently, the PDMS-L polymers were coordinated to platinum(II) by a ligand substitution reaction with PtCl 2 (DMSO) 2 . After reaction, the solution was poured into a polytetrafl uoroethene (PTFE) mould and dried at room temperature for 24 h, followed by drying at 80 °C for 12 h. A dark red polymer fi lm (PDMS-PtL) was then obtained. No peaks can be found in the DSC spectrum between −50-100 °C ( Figure S5 , Supporting Information), showing that the T g is below −50 °C. According to X-ray photoelectron spectroscopy (XPS) analysis, the Pt loading is about 2.6% in atomic concentration.
The UV/vis absorption spectra of H 2 N-PDMS-NH 2 , PDMS-L, and PDMS-PtL polymers were measured in CH 2 Cl 2 solutions of the same concentration ( Figure S6 , Supporting Information). The spectrum of H 2 N-PDMS-NH 2 exhibits almost no absorption in the experimental range. PDMS-L solution displays strong absorption bands at 250-400 nm which are assigned to intraligand π-π* transitions. [ 12a , 18b ] After coordinated to platinum(II), a weak absorption at 448 nm appeared, which is assigned to 1 MLCT of the platinum complex. [ 12a , 18b ] In concentrated solution, it shows a low energy absorption band in the 500-600 nm region ( Figure S7 , Supporting Information). This absorption is analogous to those of the model complex and oligomeric aggregates of the Pt(II) complex [ 19b , 20 ] which are characteristic for metal-metal-to-ligand charge-transfer transitions and therefore indicative of the presence of Pt···Pt interactions. In solid fi lm, the absorption band is redshifted to 543 nm ( Figure S8 , Supporting Information) and becomes broader and structureless, indicating more intense molecular interaction sites in the polymer fi lm. Similar to the solutions at high concentration and solid state, the PDMS-PtL polymer fi lm is nonemissive.
Single-Molecule Force Spectroscopy
Single-molecule force spectroscopy was used to characterize the molecular interactions in the PDMS-L and PDMS-PtL polymers (Figure 1 ). Upon stretching, typical sawtooth-like force-extension curves were observed for both samples (Figure 1 b) , where the force peaks correspond to the unfolding of the polymer chains through the rupture of molecular interactions ( Figure S9 , Supporting Information). For PDMS-L, only one stretching force of ≈77 pN was found from the rupture force histogram (Figure 1 c) . This force should be ascribed to hydrogen bonding between amide groups in the molecular chains, similar to that of the peptidomimetics consists of aromatic nuclei and amides. [ 21 ] In contrast, three force peaks, with the force of ≈69, 127, and 226 pN, respectively, were observed from the rupture force histogram of PDMS-PtL (Figure 1 d) . The smallest force is similar to that presented in PDMS-L poly mer and should also be attributed to hydrogen bonding. The mediate force of ≈127 pN is assigned to π-π interaction between the coordinated phenyl-bipyridyl ligands, while the strong force of ≈226 pN is assigned to the combination of Pt···Pt inter action and π-π interaction. In PDMS-L chains, the three aromatic rings of the uncoordinated phenyl-bipyridyl ligands are noncoplanar as revealed in the single crystal structure, [ 22 ] which is unfavorable for π-π stacking. However, for PDMS-PtL, the C^N^N platinum complex is highly planar which facilitates the molecular stacking through π-π and/or Pt···Pt interactions. [ 12d , 23 ] For cyclometalated platinum(II) complexes, individual π-π interaction can be presented between malposed neighboring phenyl-bipyridyl ligands, whereas the Pt···Pt interactions are always accompanied by π-π interactions. [ 12a-c,13c ] To the best of our knowledge, this is the fi rst time that the strength of the intermolecular interactions in cyclometalated platinum(II) complexes has been directly measured.
In order to investigate the dynamic nature of the molecular interactions in our polymers, we released the unfolded chains to zero force and stretched them again after waiting for 1 s to probe whether it could fold back to its original state. As shown in Figure 1 e, we observed the reversible unfolding-refolding for both the PDMS-L and PDMS-PtL polymers. However, the refolding rate (ratio of peak number for second stretching to that for fi rst stretching) of PDMS-L chains is much lower than that of PDMS-PtL (Figure 1 f) . Such difference can be rationalized through their different binding strength. Before releasing, the macromolecule chains are separated due to the rupture of intermolecular interactions. However, the hydrogen bonding is too weak to reconstruct the folding state. In contrast, the two higher forces, i.e., π-π and/or Pt···Pt interactions, are strong enough to refold the extended chains, leading to the higher reversibility of PDMS-PtL polymer.
Rheological and Mechanical Properties
The rheological behaviors of both PDMS-L and PDMS-PtL fi lms were investigated. The PDMS-L fi lm shows much higher storage modulus ( G ′ values) within the observed frequency range as compared to PDMS-PtL ( Figure S10 , Supporting Information). On the other hand, the loss modulus ( G ″/ G ′ ratio) of PDMS-L is lower than that of PDMS-PtL at low frequencies (Figure 2 a) . Upon increasing the temperature, the storage modulus G ′ is decreasing while the loss modulus G ″ increasing for PDMS-PtL, indicating that the fi lm becomes more and more viscous. However, the storage modulus G ′ is still much higher than the loss modulus G ″ (Figure 2 b) .
The mechanical properties of the as-prepared fi lm were measured at room temperature (≈20 °C) via strain-stress tests. As seen from Figure 2 c, the PDMS-L fi lm exhibits a tensile modulus of 0.38 MPa and a modulus of toughness of only 0.21 MPa. Interestingly, the PDMS-PtL fi lm shows a relatively lower tensile modulus of 0.19 MPa. However, the elongation is signifi cantly increased from 1.3 to 13.9, over ten times of the initial length. The PDMS-PtL fi lm's modulus of toughness is 3.68 MPa which is 17 times that of PDMS-L fi lm. These results suggest that the introduction of additional Pt···Pt interaction makes the resulting fi lm more tenacious.
The stretchability of the PDMS-PtL fi lm is dependent on the gauge length (the distance between the grips) ( Figure 2 d ) and stretching speed (Figure 2 e ). Decreasing the gauge length leads to higher stretchability due to the reduced defects. Upon decreasing the stretching speed from 20 to 5 mm min −1 , the stretchability increased but the stress at break decreased. Such stretching speed dependence is typical for polymer fi lms with dynamic weak interactions. [ 24 ] A maximum stretchability of 2100% can be achieved for a sample of 0.5 mm thickness, 1 mm gauge length, and 5 mm width at a stretching speed of 5 mm min −1 .
The studies on the rheological and mechanical properties of PDMS-L and PDMS-PtL polymers come to the same conclusion that the polymer fi lm becomes less tensile but much more tough after coordinating to platinum. These differences can be explained through their dif- ferent molecular structures in the crosslinking sites. The interactions (hydrogen bonding) in PDMS-L fi lms are very weak and the polymers are nearly in a chaotic state with intense tangling of the curly chains ( Figure S11 , Supporting Information) Therefore, the polymer chains are hard to separate. In contrast, the planar confi guration of C ∧ N ∧ N coordinated platinum complex aggregates the poly mer chains into a relatively ordered state, which makes the molecules easier to leave away (Figure 3) . However, the dynamic Pt···Pt and π-π interactions will also quickly be rebuilt if the molecules are getting close through chain sliding during stretching. The disassociation and reformation of Pt···Pt and π-π interactions will help to dissipate the strain energy, relieve the high stress, and protect the cross-linkages from totally fragmented.
Self-Healing Properties
The elastic PDMS-PtL fi lms show excellent self-healing properties. In a typical self-healing experiment, a PDMS-PtL fi lm was cut into two pieces and then put together to heal itself at different temperatures for different time. The self-healing properties of PDMS-PtL polymer fi lms are illustrated in Figure 4 . The tensile modulus and modulus of toughness can both reach the original levels after 12 h at room temperature without any external stimulli (Figure 4 a) . Higher healing temperature will facilitate the healing speed (Figure 4 b) . The PDMS-PtL polymer fi lm can be completely cured within 2 h at 50 °C and 1 h at 80 °C. the microscope (Figure 4 c) . In order to make the cut region more distinguishable, one of the two pieces was stained using a phthalocyanine dye. The green and red integrated fi lm was then stretched, showing the same mechanical properties as compared to the unstained and uncut fi lm (Figure 4 d) . Interestingly, the self-healing is insensitive to surface aging. We cut the fi lm into two pieces and left the cut surface in ambient air for 24 h and then healed at room temperature. The fi lm can still completely recover its original tensile modulus and modulus of toughness after 12 h (Figure 4 a) . In contrast, the PDMS-PtL polymer was poorly healable (with 13% recovery of modulus of toughness) at room temperature for 24 h (Figure S12 , Supporting Information). So far, although many stretchable seal-healing polymers have been reported, most of them are either less stretchable, [ 25 ] sensitive to surface aging, [ 3c , 25c ] or cannot be autonomously healed. [ 3a,b ] The excellent stretchability and self-healing properties of the PDMS-PtL fi lm should be ascribed to the introduction of Pt···Pt and π-π interactions with optimum strength. As shown in Scheme S1 (Supporting Information), the PDMS chains are crosslinked by Pt···Pt and π-π interactions between cyclometalated platinum(II) complexes. Before stretching, the PDMS chains are crosslinked or folded due to intermolecular interactions. When the sample is subjected to stretching, the curly coiled PDMS chains were straightened, resulting in the elongation of the polymer fi lm. Unlike weak interactions (such as hydrogen bonding) crosslinked polymer fi lms which will be easily broken, the combination of Pt···Pt interactions and π-π interactions is strong enough to sustain stretching. On the other hand, as the interactions between cyclometalated platinum(II) complexes are not too strong, they can still function as dynamic and reversible interactions to realize self-healing at room temperature. While hydrogen bonding based self-healing materials are commonly sensitive to moisture and surface aging (surface exposed to air for some time without protection) due to the depletion of hydrogen bonding site, the Pt(II) complexes do not interact with water molecules and therefore insensitive to surface aging. It is noteworthy that Rowan and co-workers [ 10b ] have reported the integration of aromatic π-π stacking and hydrogen-bonding interactions to derive healable supramolecular polymers. However, their materials are less stretchy and can only be healed upon heating. Such difference should be due to, in addition to the different molecular interaction energies, the different polymer backbones. It is well known that PDMS chains have excellent mobility which is also helpful for improving the stretchability and self-healing.
Conclusions
In summary, we have developed a highly stretchable and self-healing PDMS fi lm by combination of dynamic, reversible Pt···Pt, and π-π stacking interactions. The as-prepared material can be stretched to over 20 times its original length. Without external stimuli, a damaged fi lm can heal completely both in tensile modulus and modulus of toughness after 12 h at room temperature. This kind of material can fi nd applications in wide range of fi eld such as protective coatings, sealing agents, electronic skins, and artifi cial muscles. Moreover, our results suggest that the stretchability and superb self-healing properties can be obtained simultaneously without any confl ict by optimizing the strength of crosslinking interactions.
Experimental Section
Chemicals
Poly(dimethylsiloxane) bis(3-aminopropyl) terminated ( M n = 5000-7000) were purchased from Gelest. The remaining chemicals and solvents were purchased from Sigma-Aldrich. All of the chemicals were used as received without further purifi cation. 
Synthesis
Synthesis of the Model Ligand L model
The white solid L (64 mg, 0.2 mmol) was added to SOCl 2 (3 mL) and stirred at 80 °C for one night. Then the solution was concentrated to obtain the solid of 6-phenyl-[2,2′-bipyridine]-4,4′dicarbonyl dichloride. The solid was dissolved to 6 mL CH 2 Cl 2 solution and dripped into 6 mL CH 2 Cl 2 solution of propylamine (236 mg, 4.0 mmol) at 0 °C under argon. The solution was stirred for 24 h. After reaction, the white precipitate was wash with water. 1 
Synthesis of PtL model Cl
Solid of L model (40 mg, 0.1 mmol) and PtCl 2 (DMSO) 2 (50 mg, 0.12 mmol) was added into the mixed solvent of 5 mL tetrahydrofuran and 5 mL water. The mixture was stirred at 80 °C for 12 h and then concentrated. The precipitated solid was washed with water. 1 
Synthesis of PDMS-L Film
The equivalent solid of 6-phenyl-[2,2′-bipyridine]-4,4′-dicarbonyl dichloride was obtained using the same method described in Synthesis of the model ligand L model . The solid was dissolved to 6 mL CH 2 Cl 2 solution and dripped into 6 mL CH 2 Cl 2 solution of PDMS (1.0 g) and triethylamine (0.22 mL, 1.6 mmol) at 0 °C under argon. The solution was stirred for 24 h. After reaction, the solution was mixed with water to extract the triethylamine hydrochloride and then concentrated to 2 mL. The concentrated solution was poured into PTFE mould and dried at room temperature for 24 h followed by drying at 80 °C for 12 h. The colorless fi lm (PDMS-L) was then peeled off from the PTFE mold for further testing or reaction.
Synthesis of PDMS-PtL Film
A PDMS-L fi lm mentioned above and PtCl 2 (DMSO) 2 (101 mg, 0.24 mmol) was added into the mixed solvent of 8 mL tetrahydrofuran and 8 mL water. The mixture was stirred at 80 °C for 12 h and then concentrated. The precipitated gel was washed by water, followed by being dissolved to CH 2 Cl 2 . The process to prepare the dark red fi lm is the same as the formation of PDMS-L fi lm. Molecular weight according to gel permeation chromatography (GPC): 34 000 ( Ð = 1.8). Atomic concentration according to XPS: C 1s (283.0 eV, 52.80%), N 1s (398.5 eV, 0.66%), O 1s (530.6 eV, 24.92%), Si 2p (100.5 eV, 21.09%), Pt 4f (70.9 eV, 74.3 eV, 0.21%), Cl 2p (196.8 eV, 0.32%).
Characterization
General Characterization
NMR ( 1 H) spectra were recorded on a Bruker DRX 500 (or 400) NMR spectrometer in deuterated solvents at room temperature. Infrared radiation (IR) spectra were recorded with a Bruker Tensor 27 Fourier transform infrared spectrometer. Absorption spectra were recorded on a Shimadzu UV-3600 UV/vis/ NIR Spectrophoto meter. Fluorescence spectra were recorded on Hitachi F-4600. Analytical GPC experiments were performed on an Agilent 1100 chromatographic instrument. Differential scanning calorimetry (DSC) experiments were performed using a PerKinElmer Pyris 1 analyzer. The heating speed was 10 °C min −1 .
Single-Molecule Force Spectroscopy Measurements
Single-molecule force experiments on were performed on a modifi ed AFM described in detail previously. [ 27 ] Each Si 3 N 4 AFM cantilever (MLCT, Bruker, Santa Barbara, CA) was calibrated in solution before each experiment, showing a spring constant of around 130 pN nm −1 . All experiments were performed in toluene at room temperature. In a typical experiment, the polymer solution of 0.1 mg mL −1 was deposited on a clean glass coverslip and allowed to dry. One drop of toluene was added before stretching. The macromolecules were then stretched under a constant pulling speed of 1000 nm s −1 . In order to investigate whether the unfolding and stretching of the polymer is reversible, we released the chain quickly to zero force. After waiting for 1 s, we stretched the chain again to probe whether it could fold back to its original state.
Rheological Measurements
The rheological behaviors were carried out on a HAAKE Rheo-Stress 6000 rheometer. Frequency and temperature sweeps were performed with 2 mm parallel plates on circular samples with a 2 mm diameter. Frequency sweeps at 0.1-100 Hz were measured at 0.1% strain at room temperature (20 °C). Temperature sweeps were run from 20 to 90 °C at 1 Hz, with the strain automatically modulated at 0.5% ± 0.4% by the instrument to keep the measured torque at a reasonable value as the sample softened. Contact with the sample was maintained by the autocompression feature set to 0.5 ± 0.15 N.
Mechanical and Healing Tests
Mechanical tensile-stress experiments were performed using an Instron 5944 Microtester. Samples were tested at room temperature (20 °C). For self-healing tests, the fi lm was cut into two pieces and then put together. Films with the same size (30 × 5 × 0.5 mm 3 ) were then healed at different temperatures for different time. The healed fi lms were then tested following the same procedure to obtain the stress-strain curves.
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